We studied the magnetic properties of La 0.7 Ca 0.3 MnO 3 / YBa 2 Cu 3 O 7−δ superlattices. Magnetometry showed that with increasing YBa 2 Cu 3 O 7−δ layer thickness the saturation magnetization per La 0.7 Ca 0.3 MnO 3 layer decreases. From polarized neutron reflectometry we determined that this magnetization reduction is due to an inhomogenous magnetization depth profile arising from the suppression of magnetization near the La 0.7 Ca 0.3 MnO 3 / YBa 2 Cu 3 O 7−δ interface.
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The interplay between ferromagnetism and superconductivity has been of longstanding research interest, since the competition between these generally mutually exclusive types of long-range order gives rise to a rich variety of phenomena. 1 Using ferromagnetic (F)/superconducting (S) layered heterostructures enables investigation of diverse effects, i.e., non-monotonic changes of the superconducting transition temperature 2 T c and π-Junctions 3 in S/F/S structures, and the dependence of T c on the relative magnetization direction in F/S/F structures. 4 Layered heterostructures also offer opportunities to help resolve theoretical predictions with respect to F/S structures, such as triplet superconductivity. 5 Most studies of F/S heterostructures involved transition metal systems. But there is increasing interest in F/S structures in which combinations of complex materials based on perovskite oxides are used, since these materials on their own show unusual properties.
Many different cuprate high-T c superconductors are characterized by a short superconducting coherence length and an anisotropic superconducting gap. At the same time manganites are atypical ferromagnets in that they exhibit colossal magnetoresistance and are potentially half-metallic. Since both classes of materials have very similar perovskite structures with comparable lattice constants in the basal plane, it is possible to combine them into structurally coherent superlattices with very sharp interfaces. 6, 7 Previous experiments have already shown that cuprate/manganite based superlattices have distinctively different properties compared to their transition metal counterparts. They exhibit unusually long ranging proximity effects, 8 spin injection into the superconducting layer, 9 and even giant magnetoresistance. 10 Previous work mostly focused on the influence of proximity effects on the superconducting properties like the superconducting transition temperature or critical current density. Here, we focus on the magnetic properties of the magnetic layers. In this paper we show that in La 0.7 Ca 0.3 MnO 3 (LCMO) / YBa 2 Cu 3 O 7−δ (YBCO) superlattices the ferromagnetic ordering is suppressed at the interface between LCMO and YBCO. This adds more complexity for explaining proximity effects in oxide based heterostructures.
The LCMO/YBCO superlattices were grown by high pressure sputtering on (100) SrTiO 3 substrates. For one series of superlattices the LCMO layer thickness was kept constant at 15 unit cells (corresponding to 60Å), while the YBCO layer thickness was varied between 1 and 12 unit cells. X-ray diffraction indicated that the samples are epitaxial and x-ray reflectivity showed that the interfaces are well defined with roughnesses below one unit cell for the layers close to the substrate. The roughness increased to about 35Å for the topmost layers. Scanning tranmission electron microscopy also indicated a similar trend for the interface roughnesses. Magnetic hystersis loops were measured with a Quantum Design superconducting quantum interference device system. Polarized neutron reflectometry measurements were taken on 5 × 10 mm 2 samples using POSY1 at IPNS (Argonne) and AS-TERIX at LANSCE (Los Alamos). Electron microscopy observations and electron energy loss spectroscopy (EELS) measurements were obtained in a dedicated scanning transmission scanning microscope VG Microscopes HB501UX, operated at 100 kV and equipped with a to the to the applied field, respectively) is determined by the component of the magnetization depth profile, which is parallel to the applied magnetic field and perpendicular to q = k f − k i . In our experiment the magnetic field is applied along the surface plane.
Since we performed our measurements in saturation (as determined by magnetometry), the perpendicular magnetization component is zero and we only present non-spin-flip reflectiv- ities. The momentum transfer (q-dependence) of the reflectivities is related to the Fourier components of the magnetization depth profile -providing depth sensitivity. 15 Using an iterative process, 16 the reflectivities calculated from model structures comprised of chemical and magnetical depth profiles, can be fitted to the observed reflectivities. Figure 2 shows polarized neutron reflectivities for a sample with 3 unit cell thick YBCO layers. The measurements were taken with the sample at 120 K and an applied field of 5.4 kOe. The first and second Bragg peaks due to the superlattice structure are clearly visible. In order to analyze the neutron reflectivity data we first determined the chemical structure with X-ray reflectivity, which is shown with the corresponding fit in the inset of Fig. 2 . The structural parameters were then used for the subsequent fit of the neutron reflectivity data, where the only free parameters were the neutron scattering length densities and the magnetization depth profile.
For the fit of the polarized neutron reflectivity data we used two different models for the magnetization depth profile. One where the magnetization is homogeneous throughout each LCMO layer, and the other in which the magnetization is inhomogeneous such that the magnetization is suppressed close to the LCMO/YBCO interface. For comparison of the two cases, we plot in Fig. 3 the measured neutron spin asymmetry (R ++ − R −− )/(R ++ + R −− ) together with the best fits for both the homogeneous and the inhomogeneous model.
Notice, that the sign of the spin asymmetry is opposite for the two model calculations at the position of the second superlattice Bragg peak (at 0.15 1/Å). The sign of the spin asymmetry is positive for the inhomogeneous case, while it is negative for the homogeneous case. Experimentally the asymmetry integrated around the second superlattice peak (q = 0.13-0.17 1/Å) is clearly positive: A = 0.4 ± 0.3. This shows unambiguously that the magnetization in the LCMO is reduced close to the interface with YBCO. In addition the experimental spin asymmetry near the critical edge and first superlattice Bragg peak is significantly better fitted by the inhomogeneous model. A direct comparison between the experimental polarized neutron reflectivities and the fits based on the inhomogeneous model is also shown in Fig. 2 . An even better fit for the neutron data could be obtained if the structural parameters were also varied.
Recently, Stahn at al. explained their neutron reflectometry data with two possible scenarios; one with a suppressed magnetization in the LCMO, similar to our case, and the other one where close to the interface a net magnetic moment is induced in the YBCO layer, which should be antiparallel to the LCMO moments. 17 We can exclude the latter possibility, since in our measurements, the reversal in sign of the spin asymmetry around the second Bragg peak is a smoking gun for the suppressed magnetization. We can exclude an additionally induced net magnetization in the YBCO, either parallel or antiparallel to the magnetization in the LCMO. Simulations for both cases always result in the wrong sign of the spin asymmetry at the second Bragg peak, similar to the homogenous model discussed previously.
The structural profile obtained from the fit to the X-ray data, and the magnetization profile obtained from the fit to the neutron data are shown in detail in Fig. 4(a) . The magnetic layer thickness is reduced compared to the structural layer thickness over a distance up to 12 ± 1Å away from the interface into the LCMO. Furthermore, the magnetization in the middle of each LCMO layer (158 ± 7 emu/cm 3 ) is only about 1/3 of the bulk LCMO magnetization value. This reduced value may be partly due to the elevated temperature of the measurement and partly due to a charge transfer between the YBCO and the LCMO layer as discussed below.
In order to further investigate the origin of the reduced magnetization we performed EELS spectroscopy with atomic resolution. From the analysis of the Mn L edge at 640 eV the formal oxidation state of Mn in the LCMO can be determined. 18, 19 Figure 4 It is useful to estimate in the LCMO layer the Thomas-Fermi screening length λ T F = 1/2 a 0 /n 1/3 , which is the typical length scale for charge inhomogeneities. Here a 0 is the Bohr radius and n is the charge carrier density, which in manganites is typically 10 19 -7 10 22 cm −3 . 22 Using this range of charge carrier density, we obtain λ T F = 2-6Å, which corresponds to a distance of one to two unit cells of the LCMO layers. From the fit to the neutron data we obtain a 12 ± 1Å thick region over which the magnetization is suppressed within each LCMO layer. The similarity of these length scales suggests that the suppression of the saturation magnetization may be due to a charge transfer across the interface. Also notice that band bending at the interface might give rise to a longer distance for charge redistributions than estimated by λ T F . The continuously varying doping, as evidenced from the EELS measurements, may give rise to antiferromagnetic order close to the YBCO/LCMO interface, which again is consistent with the suppressed magnetization at the interface. The LCMO recovers ferromagnetic order only once it is further away from the interface. This interpretation of the data is also consistent with the recently observed exchange bias in YBCO/LCMO superlattices arising from exchange coupling between a ferromagnet and an antiferromagnet. 23, 24 The depressed magnetization at the interface may also provide an explanation for the long range proximity effect reported recently in YBCO/LCMO heterostructures. Measurements of T c of F/S/F trilayers and superlattices as a function of the thickness of the F layer suggest that the order parameter penetrates distances up to 5 nm into the ferromagnet. 8 There should not be any ferromagnetic / (singlet) superconducting proximity effect if the LCMO were half metallic. 25 However, the suppressed magnetization at the interface and the depressed magnetization value within the LCMO layer suggest otherwise. The exchange splitting ∆E ex is connected to the magnetic moment (µ) through an effective exchange integral I ef f as ∆E ex = µI ef f . The reduced moment may be reflecting a decreased exchange splitting thus providing a scenario for the penetration of the superconductivity into the ferromagnet. 26 In conclusion, we have shown unambiguously that the magnetization in LCMO layers is suppressed at the interface with YBCO. The suppression of magnetization at the interface is correlated with an increased occupancy of electron charge at the Mn sites. This suppression of magnetization may be a consequence of the redistribution of electric charges at the LCMO/YBCO interface.
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